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R apid eye movement (REM) sleep is tightly regulated, yet the mechanisms that control REM sleep remain incompletely understood. Early pharmacological and unit recording studies suggested that ACh was important for REM sleep regulation (1, 2) . For example, injection of cholinergic drugs into the dorsal mesopontine tegmentum reliably induced a state very similar to natural REM sleep in cats (3) (4) (5) (6) . Unit recordings from the cholinergic areas of the mesopontine tegmentum revealed cells that were active during wakefulness and REM sleep, as well as neurons active only during REM sleep (7) (8) (9) (10) (11) (12) (13) . Electrical stimulation of the laterodorsal tegmentum (LDT) in cats increased the percentage of time spent in REM sleep (14) , and activation of the pedunculopontine tegmentum (PPT) in rats induced wakefulness and REM sleep (15) . If cholinergic PPT and LDT neurons are necessary for REM sleep to occur, as the early studies suggest, then lesioning the PPT or LDT should decrease REM sleep. In cats, lesions of the PPT and LDT do disrupt REM sleep (16, 17) , but lesions in rodents have had little effect on REM sleep or increased REM sleep (18) (19) (20) (21) (22) . Additionally, c-fos studies have found very few cholinergic cells activated under high-REM sleep conditions. When c-fos-positive cholinergic neurons in the PPT and LDT are found to correlate with the percentage of REM sleep, they still account for only a few of the total cholinergic cells in the area (23) . Juxtacellular recordings of identified cholinergic neurons in the LDT found these cells had wake and REM active firing profiles, with the majority firing the highest during REM sleep (13) . These discrepancies have led to alternative theories of REM sleep regulation, where cholinergic neurons do not play a key role (18, 19, 23, 24 and reviewed in 25, 26) .
The PPT and LDT are made up of heterogeneous populations of cells, including distinct populations of cholinergic, GABAergic, and glutamatergic neurons (27) (28) (29) . Many GABAergic neurons are active during REM sleep, as indicated by c-fos (23) , and both GABAergic and glutamatergic neurons have been found with maximal firing rates during REM sleep in the LDT and medial PPT (13) . To distinguish the differential roles of each cell type in REM sleep regulation, a method that can modulate specific cell types in the behaving animal is needed. Optogenetics now provides this ability to target specific subpopulations of neurons and control them with millisecond temporal resolution (30) . Therefore, we aimed to determine the role of cholinergic neurons in the PPT and LDT in REM sleep regulation using optogenetics.
Results
Channelrhodopsin Expression Was Selective to Cholinergic Neurons in the PPT and LDT and Functional in Vitro. Mice expressing channelrhodopsin (ChR2) conjugated to YFP under the choline acetyltransferase (ChAT) promoter and WT littermates were used (six PPT ChAT-ChR2 + , five PPT ChAT-ChR2 − , five LDT ChAT-ChR2 + , and six LDT ChAT-ChR2 − mice per group, and one ChAT-ChR2 + patch-clamp mouse) (31) . Immunohistochemistry for ChAT confirmed that ChR2 was expressed selectively in cholinergic neurons in the PPT and LDT. Quantification revealed that 96.1% (2,636 of 2,742) and 94.0% (1,992 of 2,119) of ChAT-positive neurons were also positive for ChR2-YFP in the PPT and LDT, respectively. Colocation of ChAT and ChR2-YFP in this range is consistent with previous reports demonstrating selective expression in the cortex (100%), striatum (100%), globus pallidus (100%), and medial habenula (98.2%) for the same mouse strain (31) . No ChR2-YFP-only neurons were found (Fig. 1) . Fig. 2A demonstrates that LDT neurons Significance Rapid eye movement (REM) sleep is a critical component of restful sleep, yet the mechanisms that control REM sleep are incompletely understood. Brainstem cholinergic neurons have been implicated in REM sleep regulation, but heterogeneous cell types in the area have made it difficult to determine the specific role of each population, leading to a debate about the importance of cholinergic neurons. Therefore, we selectively activated brainstem cholinergic neurons to determine their role in REM sleep regulation. We found that activation of cholinergic neurons during non-REM sleep increased the number of REM sleep episodes but not REM sleep duration. Our data demonstrate that brainstem cholinergic neurons are important modulators of REM sleep and clarify their role in REM sleep initiation.
(one shown, n = 2 tested) had reliable rapid-onset action potentials following 5-ms light pulses. Fig. 2B shows the ability of a cell to follow the light pulses at 5 Hz over 2 s. The cell never missed the first light pulse, but the probability of a spike occurring decreased with progressive light pulses. The likelihood of a spike occurring varied as a function of the starting membrane potential. If the cell started near −55 mV, it was more likely to fire and follow the light pulses. If the cell started closer to −60 mV, it missed more light pulse-induced action potentials. The latency from start of the light pulse to the beginning of the action potential ranged from 4.6 ms for the first light pulse to 20 ms for the 10th light pulse in the series. ) and their WT littermates (ChR2 − ) were implanted with bilateral fiber optics for the PPT or LDT, as well as EEG and electromyogram (EMG) electrodes. REM sleep was classified by high levels of theta (5-9 Hz) in the EEG and no muscle tone. EEG and EMG traces demonstrate that optogenetic activation of cholinergic neurons in the PPT during non-REM (NREM) sleep induced REM sleep (Fig. 3) . The probability of REM sleep over time increased between ChR2 + mice (n = 11) and ChR2 − mice (n = 11) for all stimulations for both the PPT and LDT (Fig. 4) (Fig. 5 B and E). Wakefulness did not change for either PPT or LDT stimulation, except for a small increase in wakefulness for the 60-s PPT stimulation ( Fig. 5 C and F) . Inferences of the differences between groups were calculated using 99% CIs (details are provided in Table 2 and SI Materials and Methods, Data Analysis). − mice (95% CI: 77-88.5, n = 333). Lack of a significant difference was calculated using the difference of the means and 98.3% (Bonferroni correction for three comparisons) CIs of the difference.
Discussion
PPT and LDT Cholinergic Neurons Are Important for REM Sleep Initiation but Not REM Sleep Maintenance. Activation of cholinergic neurons in the PPT or LDT during NREM sleep increased the probability of REM sleep (Fig. 4) and the number of REM sleep episodes (Fig. 5) but not the duration of REM sleep episodes (Fig. 6) . REM sleep probability for the PPT 180-s stimulation reached its peak of 0.30 (95% CI: 0.26-0.35) at 2 m and 25 s, and then started to decline (Fig. 4C) . As has been suggested before (34) PPT  60  150  151  80  168  146  180  171  99  LDT  60  196  181  80  226  219  180  163 
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Wakefulness during the stimulation window did not change, except for a small increase for the 60-s PPT stimulation. *Significant differences between groups with 99% confidence (details of the numbers used to generate the inference are provided in Table 2 ).
although both areas contain cholinergic neurons, the PPT may be better situated in the REM sleep circuitry to control REM sleep initiation.
Implications for the Role of PPT and LDT Cholinergic Neurons in REM
Sleep Modulation. The PPT and LDT contain multiple subpopulations of REM-on neurons, which have made it difficult to distinguish the differential roles of each subtype. C-fos studies show both cholinergic and GABAergic REM-on neurons in rats (23) , and juxtacellular recordings have found both GABAergic and glutamatergic REM-on neurons (13) . Interestingly, this juxtacellular study did not find any cholinergic REM-on neurons. Instead, the identified cholinergic neurons were active during both wake and REM sleep, with the majority firing the highest during REM sleep (13) . The cholinergic agonist carbachol induced prolonged REM sleep by inhibiting presumably cholinergic REM-on neurons and exciting presumably noncholinergic REM-on neurons in the cat pons (10) . The present study demonstrated that selective optogenetic activation of cholinergic neurons in the PPT and LDT induced REM sleep in mice.
Monoamines are thought to inhibit REM sleep, and cholinergic neurons in the LDT are inhibited by serotonin in both rat (36) and guinea pig (37) brain slices. The selective 5-hydroxytryptamine 1A (5-HT 1A ) receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) selectively inhibits presumably cholinergic PPT REM-on neurons but not wake-on/REM-on neurons in cats (8) . Therefore, it was surprising that Grace et al. (20) found that local PPT delivery of 8-OH-DPAT increased REM sleep in rats. In theory, this manipulation should inhibit cholinergic REM-on cells, which would have been expected to decrease REM sleep. In light of the multiple cell types that are now known to exhibit a REM-on firing pattern in the LDT and PPT (13) , it is possible that serotonin inhibited GABAergic or glutamatergic REM-on neurons. In addition, it is possible that serotonin inhibition of cholinergic PPT occurs through other receptor subtypes or that selectivity for the 5-HT 1A receptor by 8-OH-DPAT is lost at high concentrations. Also, 5HT 1A serotonin receptor mRNA has only been found in GABAergic but not cholinergic neurons in the PPT of the mouse (38) . Taken together, these data suggest that it is possible Grace et al. (20) inhibited GABAergic or glutamatergic REM-on neurons to get an increase in REM sleep, whereas we selectively activated cholinergic REM-on neurons to get an increase in REM sleep. Interestingly, both manipulations resulted in a change in the number of REM sleep episodes and did not change REM sleep episode duration, suggesting that the PPT is involved in REM sleep initiation but not REM sleep maintenance. Additional studies are needed to tease apart the differential roles of cholinergic, GABAergic, and glutamatergic REM-on cells in the PPT and LDT. There are about 50% fewer cholinergic cells compared with GABAergic cells in the PPT and LDT (29) , in addition to intermingled glutamatergic cells. The fact that activation of a small number of cholinergic cells can elicit a strong increase in REM sleep adds to the strength of the evidence that those cholinergic neurons are important for REM sleep initiation.
Basal forebrain cholinergic neurons also contribute to the regulation of sleep and wakefulness. Carbachol injection into the basal forebrain of cats increased wakefulness (39) . A recent study optogenetically activated cholinergic neurons in the basal forebrain during wake, NREM sleep, and REM sleep (35) . Activation of basal forebrain cholinergic neurons during NREM sleep induced transitions to wake and REM sleep. However, these states were shorter in duration than natural wake and REM sleep episodes, and the stimulation did not influence whether wake or REM sleep was induced. Stimulation of the cholinergic basal forebrain during wakefulness in Han et al. (35) decreased NREM sleep. In the present study, stimulation of cholinergic neurons in the PPT during wakefulness caused a small increase in the probability of wakefulness. Optogenetic stimulation of + mice. *Significant differences between groups with 99% confidence (details of the numbers used to generate the inference are provided in Table 2 ). (40) . Animals with fibers that were optimally positioned over the PPT and had the highest fiber transmittance had the strongest REM induction effect.
Limitations. The transgenic mice used in the present study have been found to express extra copies of the vesicular ACh transporter gene and have increased cholinergic tone (41) . Behaviorally, these mice have prolonged motor endurance and impaired attention and memory. These mice were reported to be more active at night than WT mice but had no difference in activity level during the day. In our hands, we recorded sleep during the day and found that the ChR2 + mice had 4% REM sleep compared with 3.7% REM sleep in the ChR2 − mice, and this difference was not statistically different. All of our experiments were performed during the day, when locomotor activity and percentage of REM sleep were the same between experimental groups; therefore, we think our results are representative of the true effect. The transgenic mice used in the present study expressed ChR2 in cholinergic neurons throughout the brain. Hence, it is possible that activation of cholinergic fibers of passage from other brain regions to the PPT or LDT contributed to REM sleep induction. Future studies that selectively inhibit cholinergic neurons in the PPT and LDT of nonhypercholinergic mice are needed to determine if cholinergic neurons are necessary for REM sleep generation. tone in the PPT or LDT increases the number of REM sleep episodes but not the duration of REM sleep episodes. Therefore, cholinergic neurons in the PPT and LDT remain potent modulators of REM sleep initiation. This modulation of REM sleep expression may occur via activation of other REM-on neuron populations, such as the pontine reticular formation and sublaterodorsal nucleus.
Conclusions

Materials and Methods
Adult male mice (n = 23) expressing ChR2 under the ChAT promoter (stock no. 014546; The Jackson Laboratory) (31) 
